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Doppler Echocardiographic Measurement of Pulmonary Artery
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NORMAN N. MUSEWE, MD, DELORES POPPE, RN, JEFFREY F. SMALLHORN, MB, BS,
JONATHAN HELLMAN, MD, HILARY WHYTE, MD, BARRY SMITH, MD,
ROBERT M. FREEDOM, MD, FACC
Toronto, Ontario, Canada
The ductal flow velocities in 37 newborns (group 1: persis-
tent pulmonary hypertension [n =16], transient tachypnea
[n = 3], other [n = 2]; group 2: respiratory distress
syndrome [n = 16]) were prospectively evaluated by
Doppler ultrasound for the purpose of deriving systolic
pulmonary artery pressures. Maximal tricuspid regur-
gitant Doppler velocity in 21 of these patients was used to
validate the pulmonary artery pressures derived from
ductal flow velocities.
There was a significant linear correlation between tri-
cuspid regurgitant Doppler velocity and pulmonary artery
systolic pressure derived from ductal Doppler velocities in
patients with unidirectional (pure left to right or pure right
to left) ductal shunting (p < 0.001, r =0.95, SEE 8) and in
those with bidirectional shunting (p < 0.001, r =0.95, SEE
4.5). Systolic pulmonary artery pressure in group 1 (67 ±
Despite significant recent advances in our understanding of
its complex and varied pathophysiology (1-7) and the avail-
ability of new therapies (8,9), persistent pulmonary hyper-
tension of the newborn continues to be associated with
serious morbidity and significant mortality (10-12). The
central role of pulmonary hypertension in this disease pro-
cess is generally acknowledged, and treatment is specifically
directed at lowering this pressure toward normal levels.
Although the clinical syndrome is readily recognized (10,13)
and standard therapy (1,14) is regularly instituted, there is
limited information regarding the separate effects of these
interventions on pulmonary artery pressure (15), in part
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13 mm Hg) was significantly higher than that in group 2
(39 ± 10 mm Hg) (p < 0.001).
In those with bidirectional shunting, duration of right to
left shunting <60% of systole was found when pulmonary
artery pressure was systemic or less, whereas duration
~60% was associated with suprasystemic pulmonary ar-
tery pressures. Serial changes in pulmonary artery systolic
pressure, reflected by changes in ductal Doppler velocities,
correlated with clinical status in persistent pulmonary
hypertension of the newborn. Persistently suprasystemic
pulmonary artery pressure was associated with death in five
group 1 patients.
It is concluded that ductal Doppler velocities can be
reliably utilized to monitor the course of pulmonary artery
systolic pressures in newborns.
(J Am Coli CardioI1990;15:446-56)
because of the difficulties and potential complications asso-
ciated with invasive monitoring in newborns.
Patent ductus arteriosus, frequently found in association
with persistent pulmonary hypertension of the newborn, has
been shown to yield accurate estimates of pulmonary artery
pressure from noninvasive echocardiographic Doppler flow
velocity measurements across it (16-18). Although this
relation has been validated where ductal shunting is pure left
to right, the derivation of pulmonary artery pressure in the
setting of pulmonary hypertension and bidirectional ductal
shunting has not been extensively investigated.
Tricuspid regurgitation, also found frequently in persis-
tent pulmonary hypertension of the newborn, has been
shown to yield accurate estimates of systolic pulmonary
artery pressure when the maximal tricuspid regurgitant
Doppler velocity is added to a suitable estimate of right atrial
pressure (19,20). Because pulmonary artery pressure in
persistent pulmonary hypertension of the newborn changes
over a wide range within the first few days, this study cohort
was selected as a suitable model to investigate:
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1. The accuracy in the newborn of a noninvasive method
of measuring pulmonary artery pressure from ductal Doppler
velocities, utilizing maximal tricuspid regurgitant Doppler
velocity as the reference standard representing systolic
pulmonary artery pressure.
2. The relation between systolic pulmonary artery pres-
sure and the duration and velocity of the right to left
component of bidirectional ductal shunting as a means of
validating the use of ductal Doppler velocities to noninva-
sively obtain systolic pulmonary artery pressure in pulmo-
nary hypertension.
With use of the techniques just described, pulmonary
artery pressures were serially measured in a selected group
of infants with the clinical diagnosis of persistent pulmonary
hypertension of the newborn. A group of infants with
uncomplicated respiratory distress syndrome, who might be
expected to have normal pulmonary artery pressures, were
included in the study to provide a wide range of values, The
findings were then applied to evaluate the correlation, if any,
among pulmonary artery pressures, clinical status and out-
come in the subgroup with persistent pulmonary hyperten-
sion of the newborn.
Methods
Study patients. In the 10 month period from November
1987 to September 1988, 183 patients with respiratory dis-
tress syndrome and 48 with persistent pulmonary hyperten-
sion of the newborn were admitted to the neonatal service at
our institution. All these infants were born elsewhere and
were transferred to our hospital by a transport team.
For inclusion in the study, the following criteria were
used: age :548 h on arrival at this institution, absence of
congenital structural heart disease, weight ?: 1,500 g and
gestational age ?:28 weeks. Clinical diagnosis of persistent
pulmonary hypertension of the newborn was based on
sustained arterial oxygen tension :550 mm Hg in >90%
oxygen in term (?:37 weeks' gestation) newborns. Infants
were excluded from further study if a patent ductus arterio-
sus was not present at the first echocardiographic evalua-
tion.
Thirty-seven newborns met the study criteria. Sixteen had
a clinical diagnosis of persistent pulmonary hypertension of
the newborn, 1 had a diaphragmatic hernia and 1 had
bilateral choanal atresia; the remainder consisted of 16 with
classic respiratory distress syndrome and 3 with transient
tachypnea of the newborn.
This study was carried out with the approval of the
Human Subjects Experimentation Committee of the Univer-
sity of Toronto. Informed parental consent was obtained
before inclusion of any newborn infant in the study.
Echocardiography. This procedure was performed in
each patient using either the ATL Ultramark 8 (Advanced
Technologies Laboratory) or the HP 77020A (Hewlett-
Packard) ultrasound systems. After the exclusion of congen-
ital heart disease by two-dimensional echocardiography,
imaging and pulsed Doppler recording of the ductus from the
suprasternal view (21) were performed with 10 or 7.5 MHz
(ATL Ultramark 8) transducers. Color flow mapping of
ductal flow was performed at least once in each patient,
using a 5 MHz transducer (HP 77020A). Continuous wave
Doppler recording was used where ductal blood flow was all
left to right and of high velocity.
Study protocol. Studies were performed on each patient
at 12 or 24 h intervals until the patent ductus arteriosus was
completely closed as assessed by the absence of a pulsed or
Doppler color flow signal at its pulmonary artery orifice.
Studies were limited (average 12 min) to avoid excessive
handling or exposure of critically ill infants. Subxiphoid
views were not routinely used because most infants did not
tolerate the abdominal pressure. Atrial shunting, best eval-
uated by Doppler recording from the subxiphoid view, was
therefore assessed in only a minority of patients. Studies
were recorded on 0.5 or 0.75 in (1.27 or 1.91 cm) video tapes,
and later analyzed using a Sony cardiologic analysis system.
This system allows for loop-through of a video image, which
is projected on a monitor in still frame mode and thus
analyzed using a digitizing pen with a sampling rate of 20 ms
intervals for Doppler analysis.
The following echocardiographic information was re-
corded at each study:
1) Minimal ductal orifice size.
2) Doppler spectral displays of ductal shunting recorded
at 100 mmls with simultaneous lead II electrocardiogram.
3) Pulsed Doppler recording in the ascending aorta imme-
diately distal to the aortic valve with the range cell in the
center of the ascending aorta and <200 alignment to the
direction of flow recorded as in 2) above. This was used to
identify the duration ofsystole and the timing ofpeak systole
(Fig. 1). Ascending aortic pulsed Doppler recording was
used because superior and easily reproducible spectral dis-
plays were obtained at this site compared with the pulmo-
nary artery (as a result of ductal flow disturbances) or
descending aorta at the level of the ductus. Furthermore, in
a subset of 10 patients, duration of flow and timing of peak
flow velocity were not significantly different between as-
cending and descending aorta.
4) Two-dimensional directed M-mode echocardiograms in
the parasternal short-axis view of the ventricles at papillary
muscle level and at semilunar valve level such that the
opening and closure of both the pulmonary and aortic valves
were recorded simultaneously using a single M-mode record-
ing. This was possible in the majority of cases. M-mode data
were recorded immediately after Doppler recording to en·
sure identical heart rates for later comparison of the two sets
of data.
5) The presence of and maximal Doppler velocity of
tricuspid regurgitation were also evaluated using color flow
448 MUSEWE ET AL.
DUCTAL DOPPLER-DERIVED PULMONARY ARTERY PRESSURE
JACC Vol. 15, No.2
February 1990:446-56
Figure 1. Actual (left panels) and sche-
matic (right panels) presentation of
ductal shunting and the Doppler varia-
bles measured. A, Bidirectional ductal
shunting. For ductal shunting, Doppler
spectral display above the zero line is
left to right whereas that below the
zero line is right to left. Vertical dotted
lines represent identical RR intervals
for ductal and ascending aortic (Ao)
Doppler and M-mode recordings. Peak
systole is denoted by the vertical con-
tinuous line. Horizontal arrows indicate
the point where ductal Doppler veloc-
ity (vel) corresponding to peak systole
was measured. B, Pure left to right
shunting. Format as in A; aortic M-
mode recording is not included in this
figure. Ao M = aortic valve M-mode
recording; PDA = ductal Doppler dis-
play (pulsed in A, continuous wave in
B); R-R = cardiac cycle duration; x =
duration of right to left ductal shunt.
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Table 1. Relation Between Clinical Diagnosis and Findings at
Initial Echocardiographic and Doppler Evaluation in 37 Patients
PDA Shunt (no.)
Bidirectional Pure
Clinical Diagnosis or Pure R to L LtoR
PPHN 16 0
RDS It 16
Other* 4 0
*These patients included two with transient tachypnea, one with congen-
ital diaphragmatic hernia and one with bilateral choanal atresia. tInitial
diagnosis of respiratory distress syndrome (RDS) changed to transient tachy-
pnea. No patient with a clinical diagnosis of persistent pulmonary hyperten-
sion (PPHN) of the newborn had pure left to right (L to R) ductal shunting by
Doppler recording at initial evaluation. PDA = patent ductus arteriosus; Rto
L = right to left.
guidance to direct nonimaging continuous wave interroga-
tion from the parasternal short-axis and apical four chamber
views to allow independent assessment of the pulmonary
artery pressure. We used the validated method for estima-
tion of right ventricular systolic pressure (P) based on the
Bernoulli equation (P = 4y2), where Y = velocity (19,20). An
assumed right atrial pressure of 10 mm Hg was added to the
value in millimeters of mercury of tricuspid regurgitant Dopp-
ler velocity to represent systolic pulmonary artery pressure.
Clinical variables collected at the initial echocardio-
graphic examination included age (h), weight, mode of
delivery, Apgar scores and clinical diagnosis. Arterial blood
gases, ventilatory variables and systemic blood pressure (well
flushed umbilical arterial line with evidence of an undamped
pressure tracing) were recorded during each examination.
Inotropic or vasodilator drug use was also noted.
Analysis of data. The concordance between clinical diag-
nosis (persistent pulmonary hypertension of the newborn
and respiratory distress syndrome) and pattern of ductal
Doppler shunting (bidirectional versus pure left to right) was
evaluated (Table 1). Pulmonary artery systolic pressure data
estimated from tricuspid regurgitant Doppler velocity were
also evaluated by the ductal shunting pattern (Fig. 2).
Because bidirectional and pure right to left ductal shunting
identified those patients with elevated pulmonary artery
pressures (the majority of whom had persistent pulmonary
hypertension of the newborn), further data analysis was
based on the ductal shunting pattern as follows: group 1(n =
21): bidirectional and pure right to left (pulmonary artery to
descending aorta) shunting, and group 2(n = 16): pure left to
right (descending aorta to pulmonary artery) shunting only.
The following Doppler variables were measured (Fig. 1).
Group 1~ By superimposing the ductal Doppler spectral
displays above the corresponding ascending aortic Doppler
recording with identical RR intervals (Fig. lA), the peak
instantaneous pressure gradient across the ductus at peak
systole (reflected by peak Doppler velocity at the point in
80
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Figure 2. Pulmonary artery systolic pressure estimated from tricus-
pid regurgitant Doppler velocity (TR) in patients with bidirectional
versus those with pure left to right shunting. Bidirectio!1al ductal
shunting was associated with a significantly higher pulmonary artery
pressure both at initial evaluation (day I) and at any other time
during the study. Numbers in parentheses represent the pressure
ranges.
time corresponding to peak systole) could be obtained.
Systolic pulmonary artery pressure at each study in all
patients with bidirectional ductal flow was, therefore, calcu-
lated by subtracting or adding the appropriate ductal
Doppler velocity (converted to millimeters of mercury) to
the systolic blood pressure. Systolic pulmonary artery pres-
sure obtained from this method was compared with pulmo-
nary artery pressure calculated from tricuspid regurgitant
Doppler velocity in the subset pf group 1 patients with
tricuspid regurgitation.
The duration of right to left ductal flow, expressed as a
percent of systole was compared with systolic pulmonary
artery pressure calculated from ductai Doppler velocity to
investigate the possibility of a simple linear relation between
these two variables.
Aortic and pulmonary valve M-mode echocardiograms
were recorded to determine the relation between pulmonary
and aortic valve opening. The relation betweenright and left
ventricular ejection in patients with pulmonary hypertension
could thus be evaluated.
Group 2 (left to right shunting only, Fig. IB): Pulmonary
artery pressure was derived by subtracting the ductal
Doppler velocity at the time of peak systole, as estimated
from the ascending aortic pulsed Doppler recording, from
the corresponding systemic blood pressure. Pulmonary ar-
tery pressures thus obtained were compared with tricuspid
regurgitant Doppler velocities as in group 1.
Statistical analysis. Data are reported as mean ± 1 SD
unless otherwise stated. Standard linear regression analysis
was used for comparison of pulmonary artery pressure
derived from transductal and tricuspid regurgitant Doppler
velocities and for evaluating the relation between duration of
right to left ductal shunting and pulmonary artery pressure.
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Table 2. Clinical and Echocardiographic Variables in 37 Patients
Group I Group 2 p Value
Gestational age (weeks) 39 ± 2 33 ± 2 <0.001
Mean weight (kg) 2.9 ± 0.5 2.3 ± 1.4 NS
Apgar score
I min 5 ± 3 5 ± 2 NS
5 min 7 ± 3 7 ± 2 NS
Blood pressure (mm Hg)
Systolic 64 ± 11* 55 ± 8* <0.01
Diastolic 40 ± 8* 33 ± 6* <0.01
Mean 48 ± 10* 41 ± 7* <0.03
Fioz requirements 0.87 ± 0.22* 0.55 ± 0.25* <0.005
Ventilation
Peak pressure (cm HzO) 37 ± 9* 25 ± 8* <0.001
Rate (breaths/min) 74 ± 19* 47 ± 35* <0.03
POz (mm Hg) 59 ± 20* 61 ± 17* NS
Peoz (mm Hg) 31 ± 9* 36 ± 7* NS
pH 7.44 ± 0.11* 7.38 ± 0.06* NS
Duration of IPPV (days) 5 ± 2.5 5 ± 2 NS
Dopamine
No. treated 13 6
Duration (days) 3.2 ± I 2.3 ± I NS
LV function: % SF 35 ± 6 33 ± 7 NS
RV free wall thickness (mm) 3.3 ± 0.8 2.9 ± 0.5 NS
RV end-diastolic dimension (mm) 9.5 ± 3 7 ± 2.5 <0.03
Frequency of tricuspid regurgitation (%) 62 50
Mean PDA size (mm) 2.5 ± 1.5 2 ± 1.5 NS
(range 0.5 to 6) (range 0.5 to 7)
Mean duration of ductal patency (days) 2.9 ± 2 1.6 ± 0.9 <0.04
(range 1to 7) (range I 10 6)
lACC Vol. 15, NO.2
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*Variables at initial evaluation (study day I). Values are expressed as mean ± I standard deviation. Fioz =
concentration of inspired oxygen; IPPV =intermittent positive pressure ventilation; LV =left ventricular; Peoz =
arterial carbon dioxide tension; PDA = patent ductus arteriosus; POz = arterial oxygen tension; RV = right
ventricular; SF = % left ventricular fractional shortening.
Variables were compared between groups using one-way
analysis of variance with Scheffe's / test to determine
significant difference at the level ofp ~ 0.05. Actual level of
significance was then evaluated using the unpaired two-
tailed t test.
Results
Patient data. Concordance between clinical diagnosis 0/
persistent pulmonary hypertension 0/ the newborn at initial
evaluation and presence 0/ bidirectional Doppler ductal
shunting (Table 1). All patients with the clbical diagnosis of
persistent pulmonary hypertension of the newborn at admis-
sion had bidirectional ductal shunting. Only one patient with
respiratory distress syndrome had bidirectional ductal shunt-
ing.
Bidirectional ductal shunting. This finding identified pa-
tients with significantly higher pulmonary artery pressures
than those of the group with pure left to right shunting among
patients with adequate tricuspid regurgitant Doppler dis-
plays (Fig. 2).
Other patient characteristics. These are detailed in Table
2, with grouping by pattern of ductal shunting. Left ventric-
ular function was normal in both groups. The right ventric-
ular diastolic dimension was significantly larger in group 1,
whereas right ventricular free wall thickness was slightly but
not significantly increased in group 1compared with group 2.
Ductal size ranged from 0.5 to 7 mm. The ductus progres-
sively constricted in all patients, tending to stay open for a
longer period of time in group 1 than in group 2 patients.
Doppler assessment. Tricuspid regurgitation. This was
adequately resolved in 26 studies, and was less frequent in
group 2 than in group 1patients. Tricuspid regurgitation was
most common at initial evaluation, with a significant decline
in frequency at subsequent examinations (days 3 to 6).
Adequate ductal Doppler spectral displays. These were
obtained in 85 of 87 Doppler studies; 39 were bidirectional, 8
were pure right to left and the remainder were pure left to
right. The ductal Doppler display could not be resolved on
two occasions when color flow images showed a very small
and transient jet. In both cases, the ductal lumen appeared
completely closed by imaging alone.
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Figure 3. Relation between ductal Doppler-derived sys-
tolic pulmonary artery pressure and pulmonary artery
pressure calculated from maximal tricuspid regurgitant
(TR) Doppler velocity (vel) + assumed right atrial
pressure (RAP) (10 mm Hg) in patients with unidirec-
tional (pure left to right and pure right to left) ductal
shunting only (n = 14 studies in 11 patients). BP ==
systemic systolic blood pressure; other abbreviations as
in Figure 1.
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Unidirectional ductal shunts. Validation ofpulmonary ar-
tery pressure derived from patent ductus arteriosus Doppler
velocities in patients with pure left to right (group 2) or pure
right to left (three patients from group 1) shunting only using
maximal tricuspid regurgitant Doppler velocity. In eight pa-
tients with pure left to right and three with pure right to left
ductal shunting, a clear spectral display of tricuspid regurgi-
tation was obtained in 14 studies. Calculated pulmonary
artery systolic pressure from tricuspid regurgitant Doppler
velocity (in millimeters of mercury) plus assumed right atrial
pressure correlated significantly with pulmonary artery sys-
tolic pressure calculated from ductal Doppler velocity (added
to systolic aortic blood pressure for those with pure right to
left shunting and subtracted from systolic blood pressure in
those with pure left to right shunting; slope 1.07, p < 0.001,
SEE 8) (Fig. 3). The effect of using different values for
estimates of right atrial pressure (5, 8 and 10 mm Hg,
respectively) on the preceding regression was evaluated.
There was no significant change in slope (1.02 to 1.05),
whereas the y intercept showed more variation (+ 12 to -1).
The value of 10 was subsequently chosen for use in this and
all other similar comparisons unless otherwise stated because
it closely approximated the mean right atrial pressure at
catheterization in published reports (1,7) of similar patients
with persistent pulmonary hypertension of the newborn.
Bidirectional ductal shunts. The results of using the tech-
nique of superimposing ductal Doppler, aortic and pulmo-
nary valve M-mode displays and pulsed Doppler displays
from the ascending aorta in all studies with bidirectional
shunting (n = 39) are shown in Table 3. Peak systole occurred
at a mean of 30 ± 1% of the duration of systole. Ductal
Doppler velocities at this time (converted to millimeters of
mercury using the Bernoulli equation) were utilized to derive
peak systolic pulmonary artery pressures (see Methods).
Pulmonary artery pressure derived from maximal tricus-
pid regurgitant Doppler velocities compared with that ob-
tained from ductal Doppler velocities in group 1 patients
with tricuspid regurgitation. A significant positive linear
correlation was found between the two methodf, of estimat-
ing pulmonary artery systolic pressure (slope ;.006, p <
0.001, SEE 4.2 mm Hg) (Fig. 4A).
Duration of right to left ductal flow. This duration, ex-
pressed as a proportion of the duration of systole, was
compared with pulmonary artery pressure expressed as a
ratio of systemic blood pressure (Fig. 4B). The ratio of
pulmonary artery pressure to systemic blood pressure was
used to allow for the variations in systemic blood pressure
encountered between patients and in the same patient at
different studies.
The relation in Figure 4B shows the following features: 1)
a significant positive linear correlation was present between
the two variables compared (r = 0.71, p < 0.001), and 2)
suprasystemic pulmonary artery systolic pressures (pulmo-
nary to systemic pressure ratio> 1.0) were found in associ-
ation with a right to left component of bidirectional shunting
;::::60% of the duration of systole. In contrast, when right to
left shunting was less than this value, pulmonary artery
pressures were systemic or slightly less. Ductal Doppler
spectral displays illustrating brief and prolonged right to left
shunting are shown in Figures lA and 5, respectively.
Combining the data from all patients from groups 1 and
2 with tricuspid regurgitation to assess the overall accuracy
of patent ductus arteriosus Doppler-derived systolic pulmo-
nary artery pressure over a wide range of pressures (Fig. 6)
resulted in a significant linear correlation (slope 1.003, p <
0.001, SEE 8 mm Hg).
Aortic and pulmonary valve opening in relation to ductal
right to left shunting. Ductal right to left shunting in patients
with bidirectional flow always commenced shortly after
opening of the semilunar valves (mean interval from onset of
the R wave to onset of right to left shunting of 105 ± 35 ms).
The mean pulmonary and aortic preejection periods from
simultaneous M-mode recordings in these patients were 55 ±
15 and 45 ± 15 ms, respectively. The pulmonary valve did
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Table 3. Doppler and M-Mode Variables in Patients With Bidirectional Ductal Shunting
Duration (ms) Peak Systolic Systolic (mm Hg)
R-L.;- RR R-L .;- Systole Timing % Ductal Doppler
Study No. RR R-L Flow Systolic (%) (%) Systole Grad (mm Hg) BP PAP
1 380 93 186 24 50 31 0 64 64
2 428 90 186 21 48 29 0 56 56
3 385 101 178 26 57 35 0 47 47
4 429 59 266 14 22 25 0 45 45
5 400 47 150 12 31 21 0 56 56
6 414 51 131 12 39 31 0 45 45
7 342 49 164 14 30 20 0 75 75
8 353 83 178 24 47 27 0 68 68
9 419 112 176 27 64 31 0 83 83
10 377 49 162 13 30 30 0 75 75
11 487 68 204 14 33 36 +2.0 54 52
12 436 74 260 17 28 36 +1.0 57 56
13 401 72 181 18 40 41 -1.0 57 58
14 375 86 160 23 54 20 +1.0 65 64
15 411 55 153 13 36 32 -1.5 60 61.5
16 397 151 125 38 120 25 -10.0 66 76
17 405 59 163 15 36 25 +1.0 45 44
18 375 66 208 18 32 33 +1.0 52 51
19 448 90 175 20 51 30 -1.0 65 66
20 364 56 175 15 32 30 +4.0 67 63
21 492 226 171 46 132 30 -1.5 58 59.5
22 435 192 188 44 98 35 -2.0 64 66
23 445 163 199 37 82 30 -10.0 63 73
24 720 280 184 39 152 31 -8.0 64 72
25 319 115 147 36 78 28 -9.5 78 87.5
26 504 202 129 40 160 26 -14.5 70 84.5
27 366 118 136 32 87 30 -12.0 76 88
28 445 155 191 35 81 20 -15.5 69 84.5
29 317 106 167 33 63 22 -10.0 41 51
30 399 130 133 33 100 23 -14.0 74 88
31 359 220 147 61 150 32 -10.0 76 86
32 352 232 157 66 148 28 -11.0 53 64
33 337 144 178 43 81 37 -2.0 58 60
34 422 167 157 39 106 30 -1.5 71 72.5
35 482 150 157 31 100 33 -1.5 74 75.5
36 441 208 143 47 145 27 -10.0 71 81
37 341 188 136 55 140 33 -10.0 58 68
38 500 249 137 50 180 34 -11.0 60 71
39 339 177 136 52 130 35 -19.0 72 91
Mean 411 127 169 31 80 30 63 67
±SD ± 71 ± 65 ± 32 ± 15 ± 46 ± 1 ±IO ±13
+ =left to right gradient; - =right to left gradient; BP =systolic blood pressure; grad =pressure gradient; PAP =systolic pulmonary artery pressure; RR
=cardiac cycle duration; R-L = right to left ductal blood flow duration.
not open detectably sooner than the aortic valve in any 1 patients showed a small but insignificant decline over the
patient. period of study for the whole group, despite a significant
improvement in systemic oxygenation and decline in venti-
Clinical Features
latory pressure and oxygen requirements (Fig. 7). When
examined individually, of the 21 group 1 patients, 11 had
Time course of pulmonary.artery pressure in relation to persistent bidirectional shunting up to the time of ductal
ventilatory and blood gas variables in group 1 (persistent closure, 7 had conversion from bidirectional to pure left to
pulmonary hypertension of the newborn). Pulmonary artery right shunting and 3 had pure right to left shunting only. One
pressure calculated from ductal Doppler velocity in all group of these three initially had bidirectional shunting that re-
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verted to pure right to left shunting, and one other patient
(already included in the subgroup with persistent bidirec-
tional shunting) had on day 3 transient pure right to left
shunting that subsequently reverted to bidirectional shunting
until ductal closure.
Outcome. The mortality rate in this selected group of 37
patients was 29% (6 of 21) in group 1(persistent pulmonary
hypertension of the newborn) compared with 6% (1 of 16) in
group 2 (respiratory distress syndrome) (p < 0.01). The
mean age at death in group 1 patients was 5 days (range 2 to
Discussion
Persistent pulmonary hypertension in the newborn. The
entity of persistent pulmonary hypertension of the newborn,
or persistent fetal circulation, first described by Gersony et
al. (22) in 1969, has been extensively investigated both in the
laboratory (5-7) and in the clinical setting (1-4,14,15). De-
spite this, the relatively low frequency of this condition and
the urgency surrounding its presentation have largely pre-
cluded controlled prospective evaluation of available thera-
peutic options. Clinical reports relating pulmonary artery
pressures to several variables and interventions (1,13-15),
while providing essential guidelines for treatment of these
critically sick newborns, have of necessity had a selection
bias toward the most unstable patients because of the
requirement for insertion and maintenance of pulmonary
artery lines to monitor pressures. These methods of moni-
toring cannot be routinely applied in most centers.
To date, echocardiographic studies have been limited to
differentiation of persistent pulmonary hypertension of the
newborn from congenital heart disease (23), assessment of
atrial shunting (24) and development of indirect M-mode
indexes for early identification of infants with persistent
pulmonary hypertension of the newborn (25) and those who
are likely to respond to tolazoline (26). High resolution
two-dimensional echocardiography with conventional and,
more recently, Doppler color flow display (27) has been
widely utilized for both imaging (21) and evaluation of blood
flow (16-18) across the patent ductus arteriosus. In these
studies, the accuracy of both pulsed and continuous wave
ductal Doppler velocities in reflecting the instantaneous
pressure gradient changes across the ductus has been well
documented.
In this study, we evaluated the accuracy of ductal
Doppler-derived pulmonary artery pressure using maximal
tricuspid regurgitant Doppler velocity as the measure of
pulmonary artery pressure in a group of neonatal patients.
Ductal Doppler velocities in unidirectional shunts. Max-
imal tricuspid regurgitant Doppler velocity accurately mea-
sures pulmonary artery systolic pressure when a suitable
estimate of right atrial pressure is added (19), and is probably
the best noninvasive Doppler method for this purpose (20).
By using Doppler color flow imaging detecting and localizing
the tricuspid regurgitant jets, adequate continuous wave
Doppler spectral displays were obtained on multiple occa-
sions immediately before or after ductal Doppler imaging.
13). Death was related to intractable hypoxemia in all six
group 1 patients. Five of these six patients had suprasys-
temic pulmonary artery pressures at the time of death, with
pure right to left ductal shunting in three. The ductus could
not be imaged after day 1 in the sixth patient as a result of
severe bilateral pneumothoraces. Three of four patients
showing pure right to left ductal shunting at any time died.
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Figure 4. A, Relation between ductal Doppler-derived systolic
pulmonary artery pressure (ductal Doppler velocity at peak systole
± blood pressure [BPJ depending on direction of gradient) and that
calculated from maximal tricuspid regurgitant (TR) Doppler velocity
(vel) + estimated right atrial pressure (RAP) (10 mm Hg) in patients
with bidirectional shunting and tricuspid regurgitation. B, Relation
between duration of right to left (R-L) shunting in patients with
bidirectional shunting expressed as a percent of systole and ratio of
systolic pulmonary artery pressure (PAP) (calculated from ductal
Doppler velocity) to systemic blood pressure (BP). Horizontal dotted
line represents pulmonary artery pressure equal to systemic blood
pressure (ratio of I). The vertical line separates studies with sys-
temic or subsystemic from those with suprasystemic pulmonary
artery pressures by ratio of duration of right to left shunt to duration
of systole. Only 1of 21 studies with a ratio of >0.6 was associated
with a systemic pulmonary artery pressure (specificity of ratio of
duration of right to left shunt to duration of systole for suprasys-
temic pulmonary artery pressure = 95%). Note that three points are
superimposed on each other (18 studies had a ratio of ~O.6). The
regression equation for this relation is shown.
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Ductal size did not appear to limit the accuracy of Doppler
velocities obtained in this study, With use of an estimated
right atrial pressure of 10 mm Hg in addition to maximal
tricuspid regurgitant Doppler velocity, a highly significant
positive linear correlation was found between ductal- and
tricuspid regurgitation-estimated pulmonary artery systolic
pressure over a wide pressure range in unidirectional shunt-
ing. This has also been found in previous studies (16,17)
comparing catheter- and Doppler-derived pulmonary artery
pressures. Therefore, it would appear that, in the setting of
unidirectional ductal shunting, pulmonary artery pressure
can be accurately obtained from such ductal Doppler veloc-
ities. The standard error of the estimate of 8 mm Hg for this
relation reflects the wide range ofvalues ofpulmonary artery
Figure 5. Doppler spectral display from
a patient with bidirectional ductal
shunting and a right and left compo-
nent >60% of duration of systole. Ver-
tical arrows indicate onset and end of
right to left shunt and opening and
closure of the pulmonary and aortic
valves on the M-mode tracing. The
corresponding RR intervals are identi-
cal. Aortic pulsed Doppler display is
not included in this figure. Flow de-
picted below the zero line is right to
left. Note that there is a ductal right to
left gradient lasting throughout the pe-
riod of systole, indicating suprasys-
temic pulmonary artery pressures. The
Doppler spectral display in the right
panel was obtained in the same patient
24 h after that in the left panel. The
right to left component of shunting is
much longer and of a higher velocity,
whereas the left to right component is
very brief. Ao = aortic valve M-mode
recording; Pa = pulmonary valve M-
mode recording.
pressure encountered, and should not significantly detract
from the value of this technique in the clinical setting.
Bidirectional ductal shunting. Bidirectional ductal shunt-
ing has been previously shown to identify patients with
pulmonary hypertension (17,28). Attempts to derive the
actual pulmonary artery pressures noninvasively in these
patients have, however, been few and largely unsuccessful.
In this study, bidirectional shunting identified patients with
systolic pulmonary artery pressures elevated to near or
above systemic levels. Although at catheterization peak
systolic gradient and peak instantaneous Doppler velocity do
not coincide exactly in time, in the absence of intracardiac
catheters, peak systole was taken to occur at the time of
peak aortic Doppler velocity. Thus, manual superimposition
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Figure 6. Relation between ductal Doppler-derived sys-
tolic pulmonary artery pressure and that calculated from
maximal tricuspid regurgitant (TR) Doppler velocity +
estimated right atrial pressure (RAP) in all patients in
groups 1 and 2 with tricuspid regurgitation. Abbrevia-
tions as in Figures I and 2.
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right to left shunting approaches or exceeds the duration of
systole, there must be a right to left (pulmonary artery to
descending aorta) gradient across the ductus at peak systole
(which in this study occurred at 30% of systole), thus
indicating suprasystemic pulmonary artery systolic pres-
sure.
In this study, right ventricular ejection occurring earlier
than left ventricular ejection did not explain the brief right to
left ductal flow in patients with pulmonary hypertension, as
previously postulated by others (29). An abbreviated right to
left component ofbidirectional shunting, however, identified
patients whose pulmonary artery pressure was systemic or
slightly subsystemic, but not suprasystemic.
Clinical utility of ductal Doppler imaging. Ductal patency
was frequent in persistent pulmonary hypertension of the
newborn, with a mean duration of patency in this study of 3
days. Although tricuspid regurgitation was present in the
majority of patients, it was more time-consuming and tech-
nically demanding to obtain a clear Doppler spectral display
of tricuspid regurgitation than of ductal shunting.
Patients with bidirectional shunting and a brief right to
left component manifested reversion to pure left to right
shunting earlier than did those with prolonged right to left
components, who tended to have persistent elevation of
pulmonary artery pressures. More importantly, mortality
was strongly associated with the presence of pure right to
left ductal shunting. The identification of pure right to left
ductal shunting in an infant with persistent pulmonary hy-
pertension of the newborn may, therefore, be a bad prog-
nostic sign. This is in keeping with the finding that these
same patients had the highest pulmonary artery pressures
measured in this study. This subgroup ofpatients is probably
similar to those with severe pulmonary hypertension de-
scribed by others (l,4).
Although there was no clear downward trend in pulmo-
nary artery pressures with improvement in oxygenation
when the entire group of patients with persistent pulmonary
hypertension of the newborn was examined, a correlation
between clinical improvement and reversion to pure left to
right shunting (and thus lower pulmonary arterial pressures)
was observed in individual patients at different times. Such
patients had a generally more benign clinical course. Ductal
Doppler-derived pulmonary artery pressures, therefore, may
be useful in modifying therapy in persistent pulmonary
hypertension of the newborn by providing an accurate
noninvasive assessment of pulmonary artery pressure at the
bedside. Indeed, some investigators (30) have already re-
ported successful outcome in persistent pulmonary hyper-
tension of the newborn without hyperventilation, although
pulmonary artery pressures were not measured in that study.
When limited to high parasternal examination for a few
minutes, echocardiographic imaging and Doppler display of
the patent ductus arteriosus should not adversely affect the
clinical status and, therefore, the variables being measured,
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of ductal and ascending aortic Doppler spectral displays
allowed identification of peak systole and estimation of peak
systolic pulmonary artery pressure in any patient with bidi-
rectional ductal shunting. M-mode recordings of semilunar
valve opening and closure were also useful when combined
with ductal Doppler displays to define the temporal relation
of Doppler velocities to systole, although peak systole
cannot be identified using M-mode displays alone. Pulmo-
nary artery pressures obtained by this method showed a
significant correlation with those calculated from tricuspid
regurgitant Doppler velocities in the subset of patients in
whom this was adequately resolved.
Furthermore, detailed examination of the relation be-
tween ductal right to left shunting duration and pulmonary
artery systolic pressure revealed that, as the duration of the
right to left component increased in proportion to the dura-
tion of systole, the pulmonary artery pressures were higher.
Specifically, suprasystemic pulmonary artery pressures
were found in association with right to left shunting duration
;:::60% of systole. On the basis of these findings, it would
appear reasonable to conclude that, when the duration of
Figure 7. Time course of ventilatory variables (top panel), blood
gases (middle panel) and pulmonary and systemic systolic pressures
(bottom panel) in all group I patients. Note the decreasing number of
patients (numbers in parentheses) as a result of ductal closure in
some patients. There was a significant change in arterial oxygen
tension (P02) from day 2 to 3, followed by a similar change in
ventilation rates from day 3 to 4. The significance of the pulmonary
artery pressure (PAP) data in relation to ventilatory and blood gas
changes is limited by the fact that it reflects the pressures obtained
only when the ductus was still patent, and not the whole course of
pulmonary arterial pressure to recovery or death in each patient. By
day 6, only two patients with suprasystemic pulmonary arterial
pressures had ductal patency, although both were closing. 02 % =
inspired oxygen concentration; pC02 = arterial carbon dioxide
tension; Vent rate = ventilator rate/min; other abbreviations as in
Figure 3.
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thus limiting the possibility of introducing a confounding
influence into the interpretation of data.
Limitations. The major limitation of the technique de-
scribed here is the requirement for a patent ductus arterio-
sus, which tends to close even in the setting of persistently
elevated pulmonary artery pressures, thus imposing a time
limit on the duration of study. Doppler imaging of tricuspid
regurgitation, which also tends to resolve as the patient's
clinical status improves, is a suitable alternative method of
measuring systolic pulmonary artery pressure. The advan-
tages of this noninvasive technique make its routine use as a
clinical tool possible, particularly because most ultrasound
equipment now has facilities for on-line computation of
Doppler velocities, thus allowing immediate availability of
information to the clinician.
Conclusions. We have described a method of obtaining
accurate measurements of pulmonary artery pressure from
ductal Doppler velocities in newborns with persistent pul-
monary hypertension or respiratory distress syndrome and a
patent ductus arteriosus. Ductal size does not appear to
significantly limit the information obtained from Doppler
imaging until the ductus is virtually closed.
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